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SUMMARY. An avian poxvirus from cutaneous lesions in a Hawaiian goose (Branta sandvicensis) was characterized in this study.
The virus was isolated by inoculation onto the chorioallantoic membranes (CAMs) of developing chicken embryos. Cytoplasmic
inclusion bodies were observed on histopathological examination of CAM lesions. Western blotting analysis using polyclonal
antiserum against fowl poxvirus (FWPV) showed differences from FWPV, but a similar antigenic profile between Hawaiian
goosepox (HGP) isolate and two previous Hawaiian poxvirus isolates were observed. Still three avian poxviruses from Hawaiian
birds showed distinguishable reaction in approximately 27, 34, 35, and 81 kDa proteins when polyclonal antibodies against the
Hawaiian poxvirus isolate (Alala/lanakila) were used. Restriction fragment length polymorphisms (RFLP) of DNA of this isolate
also showed differences from those of FWPV and previous avianpox isolates from Hawaiian forest birds. While nucleotide
sequences of a 5.3-kb Psdl-HindlIII fragment of the genome of HGP isolate revealed very high homology (99% identities) with
Canary poxvirus (CNPV) ORF266-274, and like CNPV, homologs of three FWPV ORFs (199, 200, and 202) including any

reticuloendotheliosis virus (REV) sequences are not present in the genome of HGP isolate.

RESUMEN. Caracterizacién genética y antigénica de un virus de viruela aviar aislado a partir de un ganso Hawaiano (Branta
sandvicensis) en peligro de extincién.

Se caracterizd un virus de viruela aviar aislado a partir de lesiones cutdneas presentes en un ganso Hawaiano (Branza sandvicensis).
El virus se aisl6 mediante la inoculacién de la muestra en la membrana corioalantoidea de embriones de pollo. Al examen
histopatolégico, se observé la presencia de cuerpos de inclusion intracitoplasmaticos en las lesiones presentes en la membrana
corioalantiodea. Mediante el analisis de inmunotransferencia puntual Western empleando anticuerpos policlonales contra el virus
de viruela aviar, se observaron diferencias con el virus de viruela aviar, sin embargo, se observé un perfil antigénico similar entre el
virus de viruela del ganso Hawaiano y dos virus de viruela Hawaianos aislados con anterioridad. Se observaron reacciones diferentes
en cuatro proteinas de aproximadamente 27, 34, 35 y 81-kD al comparar tres virus de viruela de aves Hawaianas empleando
anticuerpos policlonales contra el aislamiento de viruela aviar Hawaiano (Alala/lanakila). El analisis de la longitud de los fragmentos
de restriccién del ADN del virus de viruela del ganso Hawaiano mostré diferencias al ser comparado con el virus de viruela aviar y
con otros virus de viruela aviar aislados con anterioridad a partir de aves silvestres Hawaianas. Mientras la secuencia de nucledtidos
del fragmento Psd-Hindlll de 5.3-kb del genoma del virus de viruela del ganso Hawaiano mostré una alta similitud (99%) con el
virus de viruela de los canarios en el marco abierto de lectura (posiciones 266 a la 274), y al igual que el virus de viruela de los
canarios, secuencias homologas de tres marcos abiertos de lectura (199, 200 y 202), incluyendo cualquiera de las secuencias del virus
de la reticuloendoteliosis, no se encuentran presentes en el genoma del aislamiento del virus de viruela del ganso Hawaiano.

Key words: Hawaiian goosepox isolate, fowl poxvirus, canary poxvirus, antigenic and genetic characterization
Abbreviations: CAM = chorioallantoic membrane; CNPV = canary poxvirus; FWPV = fowl poxvirus; HGP = Hawaiian
goosepox; LTR = long terminal repeat; ORF = open reading frame; PBS = phosphate buffered saline; PCR = polymerase chain

reaction; PVDF = polyvinylidinefluoride; REV = reticuloendotheliosis virus; RFLP = restriction fragment length polymorphisms;
VGPV = Vultur gryphus poxvirus

Poxvirus infection has been considered one of important extinc-
tion factors for the endangered avian species in Hawaii. In this
regard many cases of natural poxvirus infection in endangered avian
species have been reported in North America (3,21). Although, in
these cases, the clinical history supported by histopathologic and/or
electron microscopic observation was reported, antigenic or genetic
information about the causative agents has been very limited (19).

Fowl poxvirus (FWPV), type species of the genus Avipoxvirus that
affects chickens and turkeys, has been studied in detail because of
its economic importance for commercial poultry (18). Currently, 10
species (designated as canary poxvirus, fowl poxvirus, junco
poxvirus, mynah poxvirus, pigeon poxvirus, psittacine poxvirus,
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quail poxvirus, sparrow poxvirus, starling poxvirus, and turkey
poxvirus) are listed as members of the genus Avipoxvirus (7). To
differentiate these virus species, host-susceptibility and/or cross-
protection studies in poultry have been used. Although avian
poxviruses possess cross-reacting antigens, information about their
genetic and antigenic differences has been limited (4,8).

Eatlier, two avian poxviruses (Alala/lanakila and Apapane/4263-
219) isolated from Hawaiian forest birds showed distinct biologic
and genetic characteristics (19). Similarly, Vultur gryphus poxvirus
(VGPV), an avian poxvirus isolated from Andean condor, showed
unique genetic, antigenic, and biological properties distinguishing it
from FWPV (5).

Because information about the poxviruses that infect endangered
Hawaiian birds and their relationship with those that infect domestic
birds is not available, the objectives of this study were a) antigenic
comparison of Hawaiian goosepox (HGP) isolate with FWPV and
two previous poxvirus isolates from Hawaiian birds by Western
blotting and b) genetic comparison with FWPV and two previous
isolates of poxvirus from Hawaiian forest birds, by i) restriction
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Fig. 1. Comparative Western blotting analysis of HGP isolate, two avian poxviruses previously isolated from Hawaiian forest birds (19), and
FWPV antigens. Soluble viral proteins were separated by 12% SDS-PAGE and transferred onto PVDEF. Viral antigens were detected by reaction with
cither (A) polyclonal ant-FWPV chicken serum or (B) polyclonal anti-Alala/lanakila isolate chicken serum or (C) FWPV-specific monoclonal
antibodies (P1D9 and P2D4). The mobility of molecular weight markers (BioRad) is indicated on the right side of the blot. Lane 1: FWPV; lane 2:
HGP isolate; lane 3: Apapane/4263-219 isolate; lane 4: Alala/lanakila isolate.

fragment length polymorphisms (RFLP) of their viral genomes, ii)
polymerase chain reaction (PCR) amplification of specific sequences
present in the genome of FWPV, iii) nucleotide sequence deter-
mination of a specific genomic fragment in HGP isolate and its
comparison with other available avian poxvirus sequences.

MATERIALS AND METHODS

Isolation and propagation of virus. Cutancous lesions
suspected as poxvirus infection from an endangered Hawaiian forest
bird, the state bird of Hawaii, Hawaiian goose (Branta sandvicensis) were
received from Keauhou Conservation Center, HI. The lesions were
ground with sterile alundum in Hanks balanced salt solution (Invitrogen,
Carlsbad, CA) containing 1000 units penicillin, 1 mg streptomycin, and
2.5 ng amphotericin B per ml (17). After incubation at 37 C for 1 hr, the
suspension was clarified by centrifugation at 1000 X g for 5 min at 4 C
and the resulting supernatant inoculated onto chorioallantoic membranes
(CAMs) of 10-day-old developing chicken embryos from specific-patho-
gen-free flock (SPAFAS, Norwich, CT). After incubation at 37 C for 7
days, CAMs were examined for pock lesions. Part of the CAM lesions
were collected for virus isolation and part were fixed in 10% buffered
formalin for histopathological examination as described eatlier (19). A
ground suspension of the CAM lesions was used as inocula for propaga-
tion of virus in permanent chicken liver tumor cells, LMH (9). Two avian
poxviruses previously isolated from Hawaiian forest birds (Alala/lanakila
and Apapane/4263-219 isolates) and a FWPV field isolate propagated in
LMH cells were included for comparison.

Antigenic comparison of HGP isolate with FWPV and
other Hawaiian poxvirus isolates. Viral antigens were isolated
from LMH cells infected with either FWPV, HGP, or each of the two
previous avian poxvirus isolates as previously described (8). Briefly, virus-
infected cell monolayers were scraped and the cells were pelleted by
centrifugation at 1500 X g for 10 min at 4 C, washed with isotonic buffer
(10 mM Tris, pH 8.0, 150 mM NaCl, 5 mM EDTA) and lysed in 10 ml
of hypotonic buffer (10 mM Tris, pH 8.0, 10 mM KCl, 5 mM EDTA)
containing 0.025% B-mercaptoethanol and 0.1% triton X-100. After
removing the cell nuclei by centrifugation at 1000 X ¢ for 5 min at 4 C,
the viral cores were pelleted by centrifugation at 11,000 X g for 90 min at
4 C. The resulting supernatants were used as a source of soluble viral
antigens. The protein concentration of viral antigens was determined by
BioRad protein assay reagent (BioRad, Hercules, CA) and then adjusted
to 2 mg/ml before use. The antigens were resolved by SDS-PAGE and
transferred onto polyvinylidinefluoride (PVDF) membrane (BioRad)

(14). Nonspecific binding sites on the PVDF membrane were blocked
with 3% bovine serum albumin (Sigma, St. Louis, MO) in phosphate-
buffered saline (PBS, pH 7.4) at 37 C for 1 hr. After a wash with PBS
containing 0.05% Tween 20 (Sigma) (PBST), polyclonal chicken serum
(1:1500 dilution) raised against either FWPV or Alala/lanakila isolate
was added separately and incubated for 2 hrs at 37 C. Following
incubation and after three washes with PBST, alkaline phosphatase-
conjugated anti-chicken immunoglobulin G (H+L) (1:2500 dilution)
(Kirkegaard and Perry Laboratories, Gaithersburg, MD) was added and
incubated for 1 hr at 37 C. After further washing steps, the secondary
antibodies were detected by alkaline phosphatase conjugate substrate kit
(BioRad) and the membrane were washed and dried.

Additionally, two FWPV-specific monoclonal antibodies (P1D9 and
P2D4) (tissue culture supernatant of hybridomas producing monoclonal
antibody) (12,14) were tested with antigens of HGP isolate. In this case,
horseradish peroxidase-conjugated anti-mouse immunoglobulin G (H+L)
(BioRad) (1:3000 dilution) was used for detection of the reactivity with
monoclonalantibodies.

Isolation of viral DNA and comparison of RFLP. Viral DNA
was extracted from the pelleted cores obtained from infected cell cultures
described above by using DNAzol® reagent (Invitrogen) according to the
manufacturer’s instructions. To compare RFLP of genomes of avian
poxviruses, each viral DNA was digested with HindIII (Invitrogen) and
restriction digestion patterns were analyzed by electrophoresis at 60 volts
for 16 hrs in 1% agarose gel at 4 C and staining with ethidium bromide.

PCR amplification of selected sequences of avian poxvi-
rus and reticuloendotheliosis virus (REV). PCR amplifications
were conducted using specific primers for amplification of a 1.2-kb
region of FWPV open reading frame (ORF) 108 encoding a major anti-
genic envelope protein (1,5). Because all strains of FWPV contain either
full-length reticuloendotheliosis virus (REV), provirus, or remnants of
long terminal repeats (LTR) sequences, it was important to examine if
HGP isolate had any of these sequences in its genome (12). For detection
of the inserted REV LTR sequences, specific primers that amplify
a 280 bp were used (5,11). With a view to determining the presence of
REV provirus, primers for amplification of an 860-bp portion of the
integrated REV envelope gene nucleotide sequence were derived from
FWPV, UI (16) strain (5; GenBank accession number AF246698).

To amplify FWPV sequences that flank REV LTR remnant,
degenerate primers that correspond to regions in FWPV ORF 201
and 203, respectively, flanking the REV integration site in the FWPV
genome, were used (5). PCR mixture and conditions were as described
carlier (5,6). The amplicons were analyzed by gel electrophoresis using
0.8% agarose and staining with ethidium bromide.
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Fig. 2. Agarose gel clectrophoresis of Hindlll-generated fragments
of the genomes of HGP isolate, two avian poxviruses previously
isolated from Hawaiian forest birds and FWPV. The sizes of the
fragments are shown on the right side of the figure. Lane 1: FWPV;
lane 2: HGP isolate; lane 3: Apapane/4263-219 isolate; lane 4: Alala/
lanakila isolate.

Cloning and nucleotide sequence determination of a 5.3-
kb genomic fragment of HGP isolate and comparison with
other avian poxviruses. Viral DNA of HGP isolate digested with
restriction enzymes (Psdd and HindIll) (Invitrogen) was cloned into
corresponding restriction sites of pUC19 plasmid. Recombinant clones
were examined as described earlier (5,15). The nucleotide sequences of
the terminal regions of selected HGP isolate genomic fragments were
determined by using the universal forward/reverse primers and ABI
PRISM® BigDye™ Terminator, version 3.0, Cycle Sequencing Ready
Reaction Kit (Applied Biosystems, Foster City, CA). A fragment of
5.3 kb was selected for determination of its complete sequence. To
complete and verify the sequence of an approximately 5.3-kb fragment,
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— 943 bp

_ 652 bp

Fig. 3. Agarose gel electrophoresis of PCR products amplified from
the genomes of HGP isolate, two avian poxviruses previously isolated
from Hawaiian forest birds and FWPV. (A) FWPV major envelope
antigen gene (1.2 kb) and REV 5'LTR (280 bp), (B) REV envelope
gene (860 bp), (C) the flanking region amplification of integrated REV
LTR. The sizes of the amplicons are shown on the right side of the
figure. Lane 1: FWPV; lane 2: HGP isolate; lane 3: Apapane/4263-219
isolate; lane 4 Alala/lanakila isolate.

the internal region-specific primers were used. To determine the phy-
logenetic relationship of HGP isolate with fowl poxvirus (genus Avipox-
virus) and representatives of other genera in the Poxviridae family,
nucleotide sequences of FWPV ORF197 (virion assembly protein gene;
vaccinia virus A32L) homolog of other poxviruses (Avipoxvirus: fowl
poxvirus, canary poxvirus, and Vultur gryphus poxvirus; Leporipoxvirus:
myxoma virus and rabbit fibroma virus; Molluscipoxvirus: molluscum
contagiosum virus; Ort/mpaxw'rus: camel poxvirus, cow poxvirus,
monkey poxvirus, vaccinia virus, and variola virus; Suipoxvirus: swine
poxvirus; Yampoxvirus: yaba monkey tumor virus) were aligned using
Clustal W alignment tool and the phylogenetic tree was generated by the
maximum-likelihood method using MegAlign software (DNASTAR
Inc., Madison, WI). The nucleotide sequences were also compared with
other avian poxvirus isolates counterpart using BL2SEQ (compare
proteins to each other with BLAST) function at the Biology WorkBench
website (workbench.sdsc.edu).

RESULTS

Propagation of virus into chicken embryo and avian
cell culture. The causative pathogen produced marked thick-
enings on the CAMs of the developing chicken embryos following
inoculation of ground suspension of cutaneous lesions from
Hawaiian goose (not shown). Cytoplasmic inclusion bodies
characteristic of poxvirus infection were observed in the hematoxylin
and eosin-stained sections of virus-infected CAM lesions on
histopathological examination (not shown). The virus initally
isolated in the CAMs of developing chicken embryos could be easily
adapted to LMH cells in which the cytopathic effect was characterized
by plaque formation.

Antigenic characterization of HGP isolate. Although
several cross reacting antigens were detected among the four avian
poxviruses when polyclonal antibodies against FWPV or a previous
Hawaiian isolate were used, the antigenic profile of HGP isolate was
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Fig. 4. Nucleotide sequence differences between a 5.3-kb fragment of HGP (AY255628) isolate and canary poxvirus (AY318871).

quite different with the respective antiserum (Fig. 1A,B). In this  presence or absence of antigens of approximately 27, 34, 35, and 81
regard, antigenic profiles of two previous Hawaiian poxvirus isolates kDa were observed (Fig. 1B). Monoclonal antibodies (P1D9 and
and HGP isolate appeared very similar when antibodies against P2D4) against FWPV didn’t show any reaction with antigens of
FWPV were used. However, using antibodies against a previous either HGP or two previous Hawaiian isolates (Apapane/4263-219
Hawaiian poxvirus isolate (Alala/lanakila), minor differences by the and Alala/lanakila) (Fig. 1C).
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Fig. 4. Continued.

Comparison of restriction enzyme digestion patterns
of HGP isolate genome with other avian poxviruses.
With a view to determine genetic relationship of HGP isolate to two
previous Hawaiian poxvirus isolates (Alala/lanakila, Apapane/4263-
219) and FWPV, each viral genome was isolated and digested with
HindIIl. The generated DNA fragments were compared following
electrophoresis in 1% agarose gel and staining with ethidium bromide.
Although several comigrating fragments were detected among these
viruses, the overall RFLP profile of HGP isolate is different from that
of FWPV and Apapane/4263-219 isolate. However, the profile of
Alala/lanakila isolate appears similar to HGP isolate (Fig. 2).

PCR amplification of selected avian poxvirus sequen-
ces in the genome of HGP isolate. Interestingly, FWPV-
specific sequences of major envelope protein gene encoded by ORF
108 were not amplified in the genome of HGP isolate (Fig. 3A).
Also, none of the REV sequences integrated in the FWPV genome

(envelope and LTR remnant sequences present in FWPV) were
amplified in its genome (Fig. 3A,B). However, using degenerate
primers to amplify sequences that flank the REV integration site,
a smaller size fragment of 652 bp was generated in the genome of
HGP isolate and two previous Hawaiian poxviruses compared with
that of 943 bp in FWPV (Fig. 3C). This size difference in PCR
product of FWPV is because of amplification of flanking REV LTR
sequences during PCR amplification.

Comparison of the nucleotide sequences of HGP
isolate genomic fragment with other avipoxviruses.
The nucleotide sequences of a 5.3-kb PsI-HindlIII fragment of the
genome of HGP isolate showed 99% identities with canary poxvirus
(CNPV) ORF266-274 (20) (Fig. 4). A similar size fragment with
high homology to CNPV sequence was observed in VGPV isolated
from Andean condor (5). Like CNPV and VGPV, this fragment did
not contain FWPV homologs of ORFs 199, 200, and 202. While
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Fig. 5. Phylogenetic comparison of virion assembly protein gene homolog (FWPV ORF197) in poxviruses. The amino acid sequences were
aligned by using the Clustal W program and a phylogenetic tree was generated by the maximum-likelihood method. Accession number of nucleotide
sequences is as follow: fowl poxvirus (AF198100), canary poxvirus (AY318871), Vultur gryphus poxvirus (AY246559), Hawaiian goosepox isolate
(AY255628), Myxoma virus (AF170726), rabbit fibroma virus (AF170722), Molluscum contagiosum virus (U86943), camel poxvirus (AY009089),
cow poxvirus (AF482758), monkey poxvirus (AF380138), vaccinia virus (AY243312), variola virus (NC001611), swine poxvirus (AF410153), Yaba
monkey tumor virus (AB025319).
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Table 1. Comparison of a 5.3-kb Ps-HindIll fragment of HGP
isolate genomic DNA (ORFs 193, 194, 195, 196, 197, 198, 201) with
corresponding region of CNPV, VGPV, and FWPV genome. The
positives of the predicted amino acid sequences among HGP isolate,
CNPV, VGPV, and FWPV encoded proteins are shown. The predicted
functions of ORFs products are indicated. The GenBank accession
numbers of each virus nucleotide sequences are as follow: FWPV
(AF198100), VGPV (AY246559), CNPV (AY318871), and HGP
isolate (AY255628).

Positives VGPV HGP CNPV
ORF193 (RNA polymerase subunit)

FWPV 85% 80% 80%

VGPV 99% 99%

HGP 99%
ORF194 (unknown)

FWPV 90% 94% 90%

VGPV 98% 98%

HGP 100%
ORF195 (unknown)

FWPV 84% 85% 86%

VGPV 97% 99%

HGP 99%
ORF196 (unknown)

FWPV 66% 63% 64%

VGPV 93% 93%

HGP 99%

ORF197 (virion assembly protein)

FWPV 86% 84% 84%

VGPV 96% 96%

HGP 100%

ORF198 (C-type lectin-like protein)

FWPV 78% 69% 79%

VGPV 93% 94%

HGP 100%
ORF201 (unknown)

FWPV 68% 68% 69%

VGPV 93% 93%

HGP 100%

the similarity of predicted amino acid sequences of the encoded
proteins was 63-94% with FWPV, it was 93-99% with VGPV, and
99-100% with CNPV counterparts (Table 1).

Phylogenetic comparison of the nucleotide sequences of FWPV
ORF197 homolog (virion assembly proteins gene) of other
poxviruses (Avipoxvirus, Leporipoxvirus, Molluscipoxvirus, Orthopox-
virus, Suipoxvirus genus) confirmed that the HGP isolate belongs to
Avipoxvirus genus (Fig. 5).

DISCUSSION

Poxvirus infection in avian species is one of wide host-range animal
viral diseases. Approximately 232 species in 23 orders of birds have
been reported to acquire a natural poxvirus infection (2). With the
exception of FWPYV, the type species of Avipoxvirus genus, very limited
antigenic, genetic, and biological information toward characterization
of avian poxviruses is available. While complete nucleotide sequence of
fowl poxvirus and canary poxvirus genomes has been determined
recently, genetic information on other avian poxviruses is not available
at this time. In this regard, the genome of a vaccine-like strain of

FWPV contained only REV LTR sequences in its genome. In contrast,
most of the field isolates of FWPV have REV provirus sequences in
their genome. Thus, for characterization of field isolates, especially
from wild birds, combination of genetic analysis of viral genome,
immunological evaluation of viral antigens, and cross-protection
studies are necessary to differentiate the isolates (18).

In this study, a novel avian poxvirus isolated from an endangered
Hawaiian goose, which is the state bird of Hawaii, was characterized
genetically by RFLP of viral genome, PCR amplification of specific
genomic sequences, nucleotide sequence determination of genomic
fragment, and antigenically by Western blot analysis using antibodies
against avian poxviruses. FWPV and two previous avian poxvirus
isolates from Hawaiian forest birds were included for this comparison.
Although, often field isolates of avian poxviruses, especially from wild
birds, fail to grow in cell cultures (5,19), the characterization of HGP
isolate was possible because of ease of its adaptation in LMH cells.

Because the presence of REV sequences in FWPV genome
determines a unique evolutionary event, which occurred over 50 yr
ago (5,6,11,13), examination of this genetic marker has become
important to differentiate FWPV from other Avipoxvirus isolates. In
this regard, all field strains of FWPV reveal REV provirus integration
in their genome while the vaccine strains of FWPV contain LTR
remnants of REV (13). Interestingly, a poxvirus isolated from a wild
turkey (Kim and Tripathy, unpubl. data) revealed integration of
REV provirus in its genome, indicating its similarity with field strain
of FWPV. On the other hand, the genome of a poxvirus isolated
from ostriches lacked REV provirus sequences and had only REV
LTR sequences in its genome (10). It revealed highly antigenic,
genetic, and biological similarities to FWPV. The ostriches had been
raised on premises where turkeys had been kept previously and
evidence of poxvirus infection in the turkeys had been observed. In
this case, the virus was considered as an FWPV vaccine because the
vaccine is routinely used in chickens and turkeys for prevention of
the disease in areas where the disease is endemic.

Although, Western blot analysis of HGP isolate shows its
difference from FWPV, detection of cross-reacting antigens among
the avian poxvirus isolates from Hawaiian birds (alala and apapane)
indicates that many genes are conserved among these viruses.
Detailed genetic and biological studies will be necessary to determine
differences among these viruses.

Surprisingly, the nucleotide sequences of Pszl-HindlIl fragment of
HGP isolates are very similar to canary poxvirus. Only eight
nucleotides showed polymorphism in the 5.3-kbp region. From this
comparison, it appears that HGP isolate is genetically more closely
related to CNPV than FWPV. However, lack of a complete genomic
sequence of HGP isolate hinders further genetic comparison of these
two viruses. Phylogenetic comparison of virion assembly protein
gene (FWPV ORF197) homolog confirmed that HGP isolate is
a member of Avipoxvirus genus and is genetically more closely
related to canary poxvirus than fowl poxvirus.

Results of this study clearly indicate that HGP isolate is genetically
and antigenically different from type species of Avipoxvirus, FWPV
as indicated by absence of FWPV specific major envelope antigen
gene as well as lack of REV sequences in its genome using PCR
amplification. Also, the heterogeneity is supported by major differ-
ences in its RFLP pattern, the absence of three FWPV corresponding
ORFs in its genome, and lack of cross-reactivity with two FWPV
specific monoclonal antibodies.
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